A large outbreak of hemorrhagic fever with renal syndrome (HFRS) occurred in the winter of 2006-2007 in a region southeast of Moscow in Central European Russia. Of the 422 patients with HFRS investigated in this study, 58 patients were found to be infected by Puumala virus, whereas as many as 364 were infected by Dobrava-Belgrade virus (DOBV). Early serum samples from 10 DOBV-infected patients were used for nucleic acid amplification, which was successful for 5 patients. Molecular analyses demonstrated that the causative hantavirus belongs to the DOBV-Aa genetic lineage, which is carried by the striped field mouse (Apodemus agrarius) as the natural reservoir host. Neutralization assays with convalescent-phase sera from these patients confirmed infection by DOBV-Aa; related viruses, such as the Dobrava-Slovenia virus (DOBV-Af) and the Dobrava-Sochi virus (DOBV-Ap), were neutralized at lower efficiencies. The clinical courses of the 205 patients enrolled in the study were found to be mostly mild to moderate; however, an unexpectedly high fraction (27%) of patients exhibited severe illness. One patient died from kidney failure and showed symptoms of generalized subcutaneous hemorrhage. The results provide molecular, serodiagnostic, and clinical evidence that DOBV-Aa is a common pathogen in East Europe that causes large outbreaks of HFRS.
A large outbreak of hemorrhagic fever with renal syndrome (HFRS) occurred in the winter of 2006-2007 in a region southeast of Moscow in Central European Russia. Of the 422 patients with HFRS investigated in this study, 58 patients were found to be infected by Puumala virus, whereas as many as 364 were infected by Dobrava-Belgrade virus (DOBV). Early serum samples from 10 DOBV-infected patients were used for nucleic acid amplification, which was successful for 5 patients. Molecular analyses demonstrated that the causative hantavirus belongs to the DOBV-Aa genetic lineage, which is carried by the striped field mouse (Apodemus agrarius) as the natural reservoir host. Neutralization assays with convalescent-phase sera from these patients confirmed infection by DOBV-Aa; related viruses, such as the Dobrava-Slovenia virus (DOBV-Af) and the Dobrava-Sochi virus (DOBV-Ap), were neutralized at lower efficiencies. The clinical courses of the 205 patients enrolled in the study were found to be mostly mild to moderate; however, an unexpectedly high fraction (27%) of patients exhibited severe illness. One patient died from kidney failure and showed symptoms of generalized subcutaneous hemorrhage. The results provide molecular, serodiagnostic, and clinical evidence that DOBV-Aa is a common pathogen in East Europe that causes large outbreaks of HFRS.
Hemorrhagic fever with renal syndrome (HFRS) is an infectious disease caused by hantaviruses in Asia and Europe (16, 20) and most probably in Africa (13; our unpublished results). In the Americas, the autochthonous hantavirus species cause the hantavirus (cardio)pulmonary syndrome (24, 26) . Hantaviruses carry trisegmented negative-strand RNA genomes and belong to the family Bunyaviridae. Different rodent species are known to be the natural hosts of the currently identified hantaviruses pathogenic for humans (16, 20) . The viruses are transmitted to humans by aerosolized rodent excreta. Shrews were shown to be alternative hantavirus hosts (14, 31) ; however, the clinical significance of shrew-borne hantaviruses is still unclear.
The demonstration of viral nucleotide sequences in specimens derived from patients with HFRS gives a clue to the involvement of a particular virus in the infection and allows its detailed molecular phylogenetic characterization. Because of the short-term viremia typical for human hantavirus infections, viral genetic material can best be amplified from blood or plasma during the first days after the onset of clinical symptoms (16) . In contrast, serotyping of neutralizing antibodies is suggested to be most significant when convalescent-phase sera from the patients are used (19) .
HFRS cases in the European administrative regions of Russia are contributing to 97% of the total number of HFRS cases registered in Russia. Until recently, the majority of HFRS cases in European Russia were caused by Puumala virus (PUUV) and considerably fewer (mainly sporadic cases) were caused by Dobrava-Belgrade virus (DOBV) infections. However, during the period from 1991 to 2006, three large DOBVassociated HFRS outbreaks were registered in the central regions of European Russia (34) . A detailed investigation of the 2001-2002 outbreak revealed that the striped field mouse (Apodemus agrarius) was the virus reservoir and that the A. agrarius-borne DOBV lineage (DOBV-Aa) was the causative infectious agent (15, 33) .
Three DOBV genetic lineages, DOBV-Aa (6, 11, 15, 33) , DOBV-Af (1, 2, 3, 7, 9, 22, 23) , and DOBV-Ap (15, 33) , have so far been demonstrated by molecular methods to cause HFRS in humans. The Saaremaa virus can be considered a fourth DOBV genetic lineage (21); however, it has not been detected in HFRS patients. Moreover, it has been claimed to be a separate virus species by its discoverers (25) .
In the winter of 2006-2007, a large outbreak of HFRS involving 661 registered cases (according to official statistics of the Russian Ministry of Public Health) occurred in the Lipetsk region and the neighboring regions of Voronezh, Tambov, and Ryazan of Central European Russia. In the study described here, we investigated 422 of the cases to identify the causative pathogenic agent. By serodiagnostic methods, 364/422 patients were found to be infected by DOBV. For 205 of these patients, clinical data were collected and the specific clinical course of the disease was defined. Moreover, we amplified viral genetic material from the acute-phase sera of five patients and characterized the virus type as DOBV-Aa.
MATERIALS AND METHODS
Primary serodiagnostics. About 1,500 serum samples from persons with suspected HFRS (more than 1,000 consecutive and late-convalescent-phase serum samples from seropositive patients as well as consecutive serum samples from seronegative persons) were screened by immunofluorescence assay (IFA) for the presence of hantavirus antibody, as described before (5); slides with combined antigens from Vero E6 cells infected with PUUV, DOBV, Hantaan virus (HTNV), and Seoul virus (SEOV) were used as substrates. For primary serotyping of hantavirus antibodies, all positive sera were titrated to the endpoint by IFA with slides containing monovalent antigens of all four viruses listed above. If the antibody titers to DOBV and PUUV were equal or the difference was only twofold, a late-convalescent-phase serum sample from the same patient was further serotyped by the focus-reduction neutralization test (FRNT).
Virus titration and FRNT. For confirmation and serotyping reasons, IFApositive serum samples obtained more than a month after disease onset were tested by FRNT. The viral stocks prepared from cell culture supernatants of infected Vero E6 cells were titrated by the focus assay with protein A-peroxidase conjugate-DAB (3,3Ј-diaminobenzidine)-NiCl 2 . For FRNT, human convalescent-phase serum samples were diluted serially in twofold steps, mixed with an equal volume of the respective virus containing 30 to 100 focus-forming units of this virus, incubated for 1 h at 37°C or overnight at 4 to 6°C, and then used to inoculate the cells. Methylcellulose (0.6%) was used to overlay the cells. After 6 to 7 days of incubation, the cells were fixed with 98% ethanol for 30 min (fresh ethanol was added after 10 min). Human convalescent-phase sera specific for the corresponding virus (DOBV, PUUV, HTNV, or SEOV) were used to detect the viral antigen as described above. A reduction in the number of foci of at least 80% was considered the criterion for virus neutralization (15) .
RT-PCR, cloning, and sequencing. For RNA extraction, 0.1 ml of patient whole blood was added to 0.9 ml of Trizol reagent (Invitrogen, Karlsruhe, Germany), and the mixture was stored at Ϫ80°C. Total RNA was then extracted by a standard protocol (4) . RNA was reverse transcribed by use of a SuperScript III first-strand synthesis system for reverse transcription-PCR (RT-PCR; Invitrogen), according to the manufacturer's instructions. Hantavirus RNA was detected by a nested RT-PCR (5 Prime GmbH, Hamburg, Germany) with two S-segment-specific primer pairs, as described before (30) . A nested RT-PCR with DOBV M-segment-specific primers (primer DOB-M11, 5Ј-CTCCGCAAG AAATAGCAGT-3Ј; primer M2029R, 5Ј-CCATGIGCITTITCIKTCCA-3Ј; primer M907F, 5Ј-GTTGCAACTTATTCAATTG-3Ј; primer M1990R, 5Ј-TCI GMTGCISTIGCIGCCCA-3Ј) was also performed to amplify the M-segment fragment. Cloning and sequencing of the amplified products were performed as described previously (12) . At least three recombinant plasmids were sequenced in both directions to determine the consensus sequences.
Sequence and phylogenetic analyses. The sequences obtained were aligned and further analyzed by the maximum-likelihood phylogenetic method with the TREE-PUZZLE software package (27) and the neighbor-joining phylogenetic method with the PAUP* software package (32), as described previously (15) .
Nucleotide sequence accession numbers. The sequences of the following viruses obtained in the present study have been deposited in the GenBank database under the indicated accession numbers: DOBV/Lip2/hu, GQ205393 and GQ205399; DOBV/Lip4/hu, GQ205394; DOBV/Lip5/hu, GQ205395; DOBV/ Lip6/hu, GQ205396; DOBV/Lip7/hu, GQ205397 and GQ205400; and DOBV/ Lip17/Aa, GQ205398.
For the comparisons, the sequence data for the following virus isolates were obtained from the GenBank sequence database (the GenBank accession numbers are given in parentheses): DOBV/SK/Aa (AY961615 and AY961616), DOBV/East Slovakia/862Aa/97 (AJ269550, AY168578), DOBV/Esl/29Aa/01 (AY533118), DOBV/Esl/81Aa/01 (AY533120), DOBV/Kurkino/44Aa/98 (AJ131672), DOBV/ Kurkino/53Aa/98 (AJ131673), Saaremaa/160V (AJ009773, AJ009774), DOBV/Lipetsk/Aa (EU188452, EU188453), DOBV/Omsk172/Aa (EU562989), DOBV/ Omsk189/Aa (EU562990), DOBV/Omsk180/Aa (EU562991), DOBV/GER/293/Aa (GQ205401), DOBV/GER239/Aa (GQ205405), DOBV/GER118/Aa (GQ205407), DOBV/GER1064/Aa (GQ205404), DOBV/H169 (AY533117), DOBV/Saaremaa/ 90Aa/97 (AJ009775), DOBV/Slovenia (L41916, L33685), DOBV/East Slovakia/ 400Af/98 (AY168576, AY168577), DOBV/Ano-Poroia/9Af/99 (AJ410615, AJ410616), DOBV/Ano-Poroia/13Af/99 (AJ410619), DOBV/Sochi/Ap (EU188449, EU188450), HTNV strain 76-118 (M14626, M14627), HTNV strain Z10 (AB027108, AB027076), HTNV strain SC-1 (AY675353, AY675349), SEOV strain 80-39 (AY273791, NC_005237), SEOV strain L99 (AF288299, AF035833), SEOV strain Z37 (AF187082, AF187081), Sangassou virus strain SA14 (DQ268650), and Thailand virus strain Thai749 (L08756).
RESULTS
Outbreak characteristics. The 2006-2007 HFRS outbreak occurred in four regions of Central European Russia (the Lipetsk, Voronezh, Ryazan, and Tambov regions) and involved 661 officially reported cases. These four regions are located southeast of the city of Moscow, and the whole outbreak area had a north-south dimension of about 630 km and a west-east dimension of about 385 km. Serological screening of 422 patients with HFRS (investigated in this study) revealed 364 and 58 infections caused by DOBV and PUUV, respectively. For 205 DOBV-infected patients, we were able to collect more detailed information about the patients' age, gender, and clinical course (Table 1) . Specimens from 10 patients with serologically confirmed DOBV infection from two districts in the south of the Lipetsk region and an adjacent district of the Voronezh region were taken for further molecular analysis. The residences of the 10 patients in these three districts were located about 70 to 110 km south or southeast of the city of Lipetsk.
Characterization of viral nucleotide sequences. By using blood from 10 patients (patients Lip1 to Lip10) sampled as early as 1 to 9 days after the onset of disease, a nested RT-PCR (based on S-segment sequences) was performed. Specific nucleotide sequences were amplified from 5/10 samples. The laboratory codes of these patients/blood specimens/nucleotide sequences were Lip2/hu, Lip4/hu, Lip5/hu, Lip6/hu, and Lip7/hu. Table 2 shows the nucleotide and amino acid identity values for the 559-bp sequence of the viral S segment investigated. The identities between the five sequences of human origin ranged from 89.6 to 100% at the nucleotide level and 98.3 to (15, 17) , which consider the presence and the extent of the typical clinical symptoms (fever, headache, vision disturbance, abdominal pain, hemorrhagic signs, oliguria) and the range of values of the most important laboratory markers (maximum blood urea and creatinine levels, leukocyte count). 100% at the amino acid level. The sequence identity of the group of Lip2/hu to Lip7/hu sequences with the sequence of cell culture virus isolate DOBV-Lipetsk/Aa and an amplified sequence of a DOBV isolate from Kurkino (which is located about 250 km from the region investigated here) was 90.1 to 91.7% at the nucleotide level and 97.8 to 99.4% at the amino acid level. Slightly lower levels of identity were found with cell culture isolate DOBV-SK/Aa (which originated from a place in Slovakia that is about 1,400 km from the Lipetsk region). Even less similar (83.8 to 87.2% at the nucleotide level, 96.2 to 97.8% at the amino acid level) were sequences of the virus lineage DOBV-Af (from A. flavicollis), the Saaremaa virus (which is known to resemble DOBV-Af in its S-segment sequence [8, 10] ), and the virus lineage DOBV-Ap (from A. ponticus).
It was also possible to amplify and analyze viral M-segment sequences from two patients (patients Lip2 and Lip7). The levels of identity between Lip2/hu and Lip7/hu for the 1,044-bp sequence analyzed were 99.1% and 99.4% at the nucleotide and amino acid levels, respectively (Table 2) . Cell culture isolate DOBV-Lipetsk/Aa was found to be most similar. DOBV-SK/Aa, DOBV-Af, Saaremaa virus, and DOBV-Ap exhibited lower levels of nucleotide and amino acid identity to Lip2/hu and Lip7/hu (80.1 to 86.5%, respectively, at the nucleotide level and 90.2 to 97.4%, respectively, at the amino acid level).
Phylogenetic analyses. Evolutionary trees based on both partial S-and M-segment sequences were constructed by the maximum-likelihood and neighbor-joining phylogenetic methods. Analysis of the S-segment sequences (Fig. 1A) showed that all patient-associated sequences belonged to the DOBV-Aa lineage. Within that lineage, they formed two separate clusters: Lip2/hu and Lip5/hu on the one hand and Lip4/ hu, Lip6/hu, and Lip7/hu on the other. Interestingly, both clusters were markedly distant from the Lipetsk/Aa virus, isolated during the HFRS outbreak in the Lipetsk region in 2001-2002. On the other hand, the Lip2/hu and Lip5/hu sequences shared a common ancestor with the Lip17/Aa sequence, obtained from an A. agrarius mouse captured in the outbreak region. Altogether, two main clades could be recognized within the DOBV-Aa lineage; one was formed by the sequences from Russia and Slovakia and the second was formed by the sequences from Germany (Fig. 1A) . Analysis of the M segment (Fig. 1B) confirmed the association of the novel patient-associated sequences with the DOBV-Aa lineage.
Serotyping of convalescent-phase sera. As mentioned above, the DOBV-Aa sequences from five patients were amplified and characterized. Convalescent-phase sera were obtained from these patients, and neutralizing antibodies were typed by FRNT under biosafety level 3 conditions. The assay determined the neutralization of three viruses prevalent in European Russia: PUUV, the Lipetsk virus isolate (DOBV-Aa), and the Sochi isolate (DOBV-Ap). In addition, three reference hantaviruses-HTNV, SEOV, and the Belgrade virus isolate (DOBV-Af)-were included in the analysis. The results of this study clearly show that DOBV-Aa was the most efficiently neutralized by the patients' sera (Table 3) . Compared with the next most closely related virus lineages, DOBV-Ap from A. ponticus and DOBV-Af from A. flavicollis, the difference in neutralizing antibody titers was at least fourfold. Less related viruses, such as PUUV, HTNV, and SEOV, were neutralized even less. The results of serotyping agree with the molecular findings that DOBV-Aa caused HFRS in the patients.
Moreover, an additional six randomly chosen serum samples were included in the serotyping FRNT (Table 3 ). In agreement with the results described above, four serum samples showed at least fourfold higher neutralizing titers against the Lipetsk virus isolate than against the other hantaviruses. In two cases, the difference was only twofold. Surprisingly, in one of these two cases, the highest titer was found against prototypical virus DOBV-Af. Clinical characteristics and case fatality. The most prominent clinical data for 205 DOBV-infected patients are summarized in Table 4 . According to the standard criteria used in the Russian Federation (15, 17) , the clinical severity of the illness of the patients with HFRS was classified as mild, moderate, and severe in 34.6%, 38.6%, and 26.8% of the patients, respectively ( Table 1 ). The most meaningful clinical symptoms and biochemical findings for the five patients whose diagnoses were achieved by molecular methods are presented for each patient in Table 5 .
One fatal case was registered during the 2006-2007 HFRS outbreak, which led us calculate a case fatality index of 1/364, or 0.3%. The deceased patient was a 34-year-old man who had lived in a village in the Lipetsk region. Two days after the onset of disease he had a high fever, weakness, and vomiting and he was admitted to the hospital in serious condition. He developed hypotension and acute renal failure with oliguria and later developed generalized subcutaneous hemorrhage and hematuria. Laboratory findings included leukocytosis, thrombocytopenia, and a high serum creatinine concentration of 480 mol/liter. DOBV-specific antibody titers, as determined by IFA, ranged from 1:256 on day 4 to 1:1,024 on day 10, whereas the anti-PUUV titers remained constant (1:16) . Despite the provision of intensive care, including hemodialysis and artificial pulmonary ventilation, the patient died.
DISCUSSION
The central area of European Russia is known as a zone of endemicity where DOBV outbreaks sporadically occur (15, 18, 33) . The recent outbreak of 2006-2007, which had about 600 registered cases of HFRS, has for the first time allowed the characterization of the outbreak in a comprehensive study that included both molecular and serological diagnostic methods 968) (B) . In the analysis of the S segment, for which more data were available than for the M segment, the different DOBV lineages are marked by gray boxes. The scale bar indicates an evolutionary distance of 0.1 substitutions per position in the sequence. The trees were computed with the TREE-PUZZLE package by using the Tamura-Nei evolutionary model. The values at the tree branches are the PUZZLE support values. The values below the branches are the bootstrap values of the corresponding neighborjoining tree (Tamura-Nei evolutionary model) calculated with PAUP‫ء‬ software from 1,000 bootstrap replicates. No differences in the tree topology were found between the maximum-likelihood and the neighbor-joining trees in the case of the M-segment tree. In the case of the S-segment trees, only minor differences that did not change the conclusions were found (trifurcations in the DOBV-Aa clade were further resolved, SK/Aa clustered with Esl29/Aa, H168/hu clustered with GER/08/118/Aa, and the DOBV-Saa clade formed an outgroup to the DOBV-Aa group in the neighborjoining tree; but this topology was not statistically supported). SANGV, Sangassou virus; THAIV, Thailand virus. The serological screening of 422 patients with HFRS from the outbreak gave indications of DOBV infection in 364 cases and PUUV infection in 58 cases. The number of PUUV infections detected in this geographical area also appears to be higher than the number detected in other years (E. A. Tkachenko, unpublished data). One could speculate that the climate conditions and food resources in the preceding year were particularly favorable for the growth of rodent populations. This could have led to the overpopulation not only of the DOBV-Aa host, A. agrarius, but also of other rodent species, including the PUUV host, Myodes glareolus, and to the more frequent virus spillover to humans. The awareness of the large hantavirus outbreak, however, might have led to a better compilation of HFRS cases, including those caused by PUUV infections, which usually escape detection.
Serum samples from 10 of the DOBV-infected patients were obtained very early after the onset of disease (days 1 to 9) and were used for nucleic acid amplification. Virus RNA from five patients was amplified and investigated. The first DOBV-Aa sequence to have been characterized originated from a patient in northern Germany (11) , but this is the first molecular analysis of DOBV-Aa from a group of patients. As found in the sequence comparisons (Table 2 ) and molecular phylogenetic analyses (Fig. 1A) , the S-segment sequences formed two different clusters. A previously determined sequence of the Lipetsk/Aa isolate (15) even formed a third cluster with the Kurkino strains. This indicates a high degree of sequence variability in a small geographical area of about 75 km in diameter, suggesting the long-term survival and the evolution of DOBV-Aa in this region.
The serum samples from the five patients whose diagnosis was made by molecular analysis were used for the typing of neutralizing antibodies to confirm whether FRNT is also able to determine the causative agent in the case of such closely related viruses. DOBV-Aa was best neutralized by the sera of all five patients, followed by neutralization of the related Sochi virus (DOBV-Ap), which is also prevalent in Russia, and the Belgrade virus (DOBV-Af). Among an additional six randomly selected serum samples, five serum samples were also best neutralized by DOBV-Aa. It should be mentioned that in a previous study with sera from patients in Central Europe, we found less pronounced neutralization differences between DOBV-Aa and DOBV-Af (12) . The better performance of FRNT in this study could probably be explained by the fact that the local virus (the Lipetsk/Aa virus isolate for patients from the Lipetsk region) was used to type the sera, while in the previous study, the more distant SK/Aa isolate from Slovakia was employed to type the sera of German patients. Our results confirm our previous observations (12, 15, 28, 29, 30 ) that DOBV-Aa infections mainly cause mild or moderate clinical courses of HFRS. However, as in the previous DOBV-Aa outbreak in Central European Russia (in the winter of 2001-2002 [15] ), we again found an unexpectedly high number of severe cases of HFRS (27% in both outbreaks). In the 2001-2002 outbreak, the case fatality rate was determined to be about 0.9% (15) . In the current study, the case fatality rate was found to be 0.3%. In contrast, infections by the other DOBV lineages, DOBV-Ap and DOBV-Af, mostly cause moderate or severe clinical courses of HFRS and the cases fatality rates are about 6% (15) and 12% (3, 12) , respectively. It would be worthwhile to investigate whether the different clinical severities of infections by DOBV-Aa, DOBV-Af, and DOBV-Ap that have so far been observed in Germany and European Russia (DOBV-Aa infections), the Balkan region of Europe (DOBV-Af infections), and southern European Russia (DOBV-Ap infections) are caused by the various genetic susceptibilities of the human resident populations and/or subtle but functionally important genetic differences between the DOBV members. In the latter case, it would be interesting to determine which dissimilarities in the genetic makeup of the viruses are responsible for their different virulences for humans.
